Electrochemical properties and structure changes of nano-sized Li 4 Ti 5 O 12 during lithium (de)intercalation were investigated using a two-dimensional thin film electrode. Li 4 Ti 5 O 12 thin films were deposited on a Nb:SrTiO 3 (110) substrate by a pulsed laser deposition technique. X-ray diffraction and reflectometry measurements confirmed the epitaxial growth of 27.6-nm-thick Li 4 Ti 5 O 12 (110) films. Galvanostatic charge-discharge curves showed a large discharge capacity of 217 mAh g −1 at the initial discharge cycle, although the reversible capacity decreased in subsequent cycles. In situ X-ray diffraction measurements clarified the drastic structural changes of the Li 4 Ti 5 O 12 film upon soaking in the electrolyte and during the first intercalation and deintercalation processes. The surface region of Li 4 Ti 5 O 12 had a different structure from the bulk during electrochemical cycling and could cause the nanosized Li 4 Ti 5 O 12 electrodes to have high capacities and poor stabilities.
Introduction
Much attention has been given to lithium titanium oxide spinel, Li 4 Ti 5 O 12 , as a negative electrode material for lithium batteries. Lithium ions are reversibly intercalated into Li 4 Ti 5 O 12 around 1.5 V vs. Li/Li + which is high enough to prevent formation of lithium metal. 13 Moreover, Li 4 Ti 5 O 12 shows excellent structural stability during the intercalation and extraction processes. 4 The limitations of Li 4 Ti 5 O 12 are its low electric conductivity and low theoretical capacity of 175 mAh g ¹1 . 5 To overcome the low capacity of lithium battery electrodes, nano-sized Li 4 Ti 5 O 12 particles have been proposed since they exhibit a larger capacity of 200 mAh g
¹1
. 69 The origin of the larger capacity might be related to the surface effect. 10 However, various surface parameters of the nano-sized particles such as crystallinity, composition, defects, impurities, and domain boundaries, affect the crystal structures and electrochemical behaviors. Furthermore, the electrode surface is sensitive to its surroundings; in vacuum, in air, upon soaking in an electrolyte, and during electrochemical reactions. To gain a comprehensive understanding on the reaction mechanisms of the surface chemistry, real-time observation of the surface during battery reactions is integral.
An epitaxial thin film provides a restricted reaction field with a specific plane and is a suitable electrode for the investigation of surface phenomena in lithium batteries. 1114 We have fabricated 20-nm-thick epitaxial Li 4 Ti 5 O 12 films by pulsed laser deposition. 15 This region is considered to correspond to a surface region of the bulk Li 4 Ti 5 O 12 electrode, and is suitable for clarifying the electrochemical properties and structural changes at the region. However, there is no experimental information regarding the structural changes during the electrochemical process. In the present study, structure changes at the Li 4 Ti 5 O 12 surface were investigated using an epitaxial Li 4 Ti 5 O 12 (110) film electrode and an in situ synchrotron X-ray diffraction (XRD) technique.
Experimental
Epitaxial Li 4 Ti 5 O 12 thin films were deposited on the (110) plane of a Nb-doped SrTiO 3 substrate using a pulsed laser deposition (PLD) method. 15 The PLD system consisted of a vacuum chamber and a KrF excimer laser (Lambda Physik, COMPex102) with a wavelength of 248 nm (PLAD131, AOV Inc.). The synthetic conditions of the films were as follows: The KrF eximer laser beam with a fluence of 1.48 J cm ¹2 was focused on the Li 5.2 Ti 5 O 12 targets to compensate the loss of lithium. The substrate temperature was kept at 700°C and the oxygen gas pressure was maintained at 6.6 Pa during the deposition. The distance between the targets and substrate was kept at 70 mm. The thin films obtained were characterized using a thin film X-ray diffractometer, ATX-G (Rigaku) with Cu-KA 1 radiation. The thickness of the films was analyzed by X-ray reflectometry.
Electrochemical characteristics were examined using 2032-type coin cells assembled in an argon-filled glove box. The counter/ reference electrode and electrolyte were lithium metal and 1 M LiPF 6 in a ethylene carbonate/diethyl carbonate mixture (3:7), respectively. The energy density of the thin film was calculated from the deposited area (10 © 10 mm), the film thickness, and the theoretical density of the electrode (3.50 g cm
¹3
). 16, 17 Crystal structural changes of the electrode during the electrochemical reactions were analyzed by in situ surface XRD at SPring-8 BL14B1 using an in situ spectroelectrochemical cell. The wavelength of X-ray used was 0.82552 ¡ (15 keV), and the detailed measurement conditions were described elsewhere. 14, 18 In the XRD measurements, a reciprocal coordinate system (H,K,L) tetra was used when L describes the projection along the surface normal direction while H and K indicate the projection parallel to the surface. The reciprocal coordinate system was a tetrahedral system, and the relation between (H,K,L) tetra and (h,k,l) cubic is as follows: for two diffraction peaks; the out-of-plane (0,0,8) tetra and in-plane (4,0) tetra diffraction peaks, which correspond respectively to the (440) cubic and (004) cubic reflections for the original cubic cell. The incident angle of X-ray for in-plane measurements was 0.13°. at the first cycle. Reduction and oxidation peaks observed at 1.53 and 1.60 V correspond to the insertion and extraction of lithium ions in Li 4 Ti 5 O 12 , which is in good agreement with the reaction peaks reported previously. 15 The polarization between cathodic and anodic peak was about 70 mV, which is close to those reported in the nano-sized Li 4 Ti 5 O 12 powder materials. 20, 21 Four reduction peaks were detected at 1.1, 1.3, 1.7, and 2.0 V during the first lithium intercalation reaction. Peaks around 1.3 and 2.0 V were considered to be related with a surface reconstruction reaction. 15 Broad peaks observed around 1.1 and 1.7 V might be due to the reduction of TiO 2 observed by X-ray diffraction. A galvanostatic charge-discharge test was performed for the Li 4 Ti 5 O 12 (110) thin film electrode after the cyclic voltammetry measurements. Figure 3 shows charge-discharge curves with a constant current of 2 µA cm ¹2 and cutoff voltages of 1.0 and 3.0 V from the second to fifth cycles. At the second discharge process, a large capacity of 217 mAh g ¹1 which exceeds its theoretical value was achieved, and the voltage profile was different from that of a bulk crystalline Li 4 Ti 5 O 12 electrode. A voltage plateau observed around 1.56 V showed a capacity of 15 mAh g ¹1 , which is much smaller than that observed from the bulk electrode. For the second charge process, only a small capacity of 134 mAh g ¹1 was observed with a columbic efficiency of 60%. For the subsequent cycles, the capacity decreased continuously and a reversible capacity of 143 mAh g ¹1 was observed at the fifth discharge cycle. These characteristics of the 27.6-nm-thick Li 4 - for the two domains were 8.344(5) and 8.284(4) ¡, revealing a smaller lattice contraction in the out-of-plane direction than that in the in-plane direction. From the DRY to OCV conditions, the (0,0,8) tetra diffraction peak was observed at L = 3.745 and showed a large decrease in peak intensity, while the shoulder peak observed at the DRY condition disappeared. Although the (4,0) tetra diffraction peak showed no significant changes in position at the OCV condition, a new diffraction peak was observed at H = 1.935. These results indicate structural changes of the nano-sized Li 4 has a smaller lattice parameter than the Li 4+x Ti 5 O 12 lattice due to the replacement of lithium ion from the 8a to 16c sites. 4, 22 Therefore, the phases with the larger and smaller lattice parameters might correspond to the spinel phase and the ordered rock-salt phase, respectively. The intensity of the diffraction peak of the spinel phase decreased from 1.4 to 1.0 V, while the diffraction peak of the ordered rock-salt phase showed an increase in intensity. This is consistent with the phase transition from the spinel phase to the ordered rocksalt phase during lithium intercalation. At the first charging, the (0,0,8) tetra peak continually shifted to higher angles and increased in intensity from 1.0 to 1.4 V and from 1. In contrast, the irreversibility of the structure changes at the surface could cause decreasing capacity in the subsequent cycles. Surface structural changes of the epitaxial thin film electrodes during the first electrochemical step were analyzed for other intercalation materials by surface XRD and X-ray reflectivity measurements. 11, 13, 18 For example, epitaxial LiMn 2 O 4 films show an anisotropic structural changes between the (111) and (110) planes, and the (111) plane is more stable than the (110) plane during the first charge-discharge process.
Results and Discussion
14 It could be a common behavior for nano-sized electrodes that the initial structural changes at the surface determine their electrochemical properties. Further studies by transmission electron microscopy and neutron reflectivity are currently under way to determine the detailed procedure.
Conclusions
Surface structure changes of Li 4 Ti 5 O 12 were investigated using the in situ synchrotron XRD technique and the epitaxial thin film electrode with a reaction plane of (110). The 27.9-nm-thick film exhibited a higher discharge capacity than polycrystalline Li 4 Ti 5 O 12 , but low cycle capability. In situ XRD measurements clarified that the crystal structure of the 22.0-nm-thick film changed upon contact with the electrolyte and irreversibly changed at the first charging and discharging. Structural changes at the surface region could cause the high capacity and poor stability of Li 4 Ti 5 O 12 electrodes.
